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METHODS AND RESULTS OF OZONE MEASUREMENTS OVER MOUNT EVANS, COLO. 

By R. STAIR and I. P. HAND 
[National Bureau of Standards and U. S. Wrather Bureau, Washington, D. C . ,  September 19:WJ 

This paper gives data on t,lie, t,ot,al a.mouiit, of ozone 
above Mount Evans, Colo., during the lat'ter part of 
July 1936 and 1935, as dete.rniined from ultraviolet 
measurements by a phot>oelect,ric cell and filter method. 
The method, especidy the. c.alibrat'ion of tlie photoelectric 
cells, is discussed in detail. The mensurenient's indicate 
ozone in t,he stratosphere in the amount, of 0.20 to 0.22 
cm. normal temperature aiid pressure, whi& is in good 
agreeiiient with cleterniiiia.tions by ot'liers for the same 
latitude n.nd season of the year. 

Incidenta.1 to the work, a new det,errninat,ioii of the 
so1a.r energy curve in the short ultraviolet, wavelengtlis 
outside the earth's atmosphere is made. 

I. INTRODUCTION 

The usual method employed in the study of the tot,al 
a.mouiit of ozone above a given point has been that, of 
measuring the intensity of t8he solnr ra.cliation at, one or 
more wavelengths wit,liin t,he ozone absorption ba.iid, tdint, 
is below 3300 angstroms, relat,ive t,o some longer wive- 
length or wave lengt,lis outside t'he region of ozone a.bsorp- 
tion. Ordinarily il photographic method is u tilizecl ; and 
measurement,s we  made at, two or more tlift'erent air 
masses (air mass equa.ls approximately the secant of t,he 
sun's zenith clist,ance) and upon tdie assumption that' both 
t.he ozoiie cont,ent, a.ncl solar emission reni:iiii const.aiit8 
during the intervu.1. 

It is doubtful if eit8her the ozone or the, s01:i.r e,nergy 
remn.ins constant for a very long period; ant1 hot,li are 
thought, t,o change in cycles, the ozone with the se:i.son (1) 
aiid t8he so1n.r emission wit.11 tdie sunspot' cgrle. Sliort, 
pe.rioils of v:i,ritit,ion of t'lie order of &ys and hours 1i:i.ve 
been iiot8ecl by ot81iers md also tippwr in t,lie results of o u r  
own work at, Momit Evnm, where t,liere WR.S observed :-a. 
tlefinit,e vn.ria.t,ion in t,lie, filt,er taensniissions, indic>t,t,iiig :I, 
variation in either (or hot,li) t,lie ozone coiit,ent. or t'lio 
spect,ral quality of solar emission in t8he ozone band. I t  
woulcl be very dificult~ t,o separate the t>wo eflects, niid it, 
is questionn.ble if any of the present, met,liocls are suffi- 
ciently senshive t,o accomplish t'liis result. However, tdie 
effec.t of aiiy ch:mge in solar emission within t,he rniige of 
wave lengt,lis re:ncliing the eart,li's surfac.e, even iipon a 
niounta.in t80p, is much less t ,hm t,li:it8 of t,he ozone, pnd 
for the present, nisy be neglect,ed wit,liout, m:iking a serioiis 
error in t.lie det,erniinat,ion of t.he ozone. 

It 1in.s bee,n recognized by ot,hers (e .  g. by Giit'z who 
made some. filt,e,r meiisurernents), and was poiiit'ed oiit in 
coiiiiect8ion wit,h the report, on some stru tosphere me:isiire- 
nients (2) at, t,he Natioiial Buresu of St,nntl:irtls in 1937, 
t1ia.t it should be possible, t,o follow the, ozone c.yc.le tdiroiigh 
t8he year and from year t80 gear by niezins of phot,oelect,ric 
cell and filter nieasurement,s. However, owing t,o cert,niii 
diffculties, especiallv t,he lack of time to work out, siiffi- 
ciently accurate methods for t,he, ca.lihrat>ion of t,he spect,ra.l 
response of the photoelectric cells, no clefinitme progress 
along these lines was made until re,ceiit,ly (12), when n 
preliminary report on this work was prepnre,d and given 
before the April 1939 meeting of the hht'eorological Sec- 
tion of the American Geophysical Union in lVashiiigt,on, 
D. C. It is a relatively simple matter t,o get, qiialit,at,ive 
measurements of ozone variation by this method, but' 
accurate quantitat,ive values require a careful evrtlu a t '  ,1011 

of the photoelectric response, especially in the longer wave 
lengths to which the cell responds. These wave lengths, 
owing to their higher intensity in sunlight, produce a 
large part of the total photoelectric response of the cell. 

Furthermore, the conditions at Washington, D. C., 
low altitude ancl high humidity, militate against the study 
of the amount of ozone in the stratosphere from a ground 
station because of variations of atmospheric transmissions 
in the lower levels of the atsniosphere, below 10,000 feet, 
caused by dust, smoke, etc. Measurements at high altitude 
niiiiimize errors that m e  inevitable through the more 
vitiated lower atniosphere; hence, the present report 
de& only with mensurements on Mount Evnns above 
10,000 feet in elevation hi 1936 and 1935. 

Unfortunately, neither the observing period in July 
1936, nor in July 1935, comprised many clear days. In 
1936, when the metisiire~nents were made by the senior 
author at  Echo Lake (dtitude 10,600 feet, on the north 
slope of Rlount Evans) only 1 of the 10 clays spent there 
remained practically cloudless throughout the day. On 
4 other tlays inensureinen ts were obtained during part or 
d l  the morning. The afternoons were cloudy mid there 
w-as usudly rain, and on 3 days sleet and siiow in the late 
afternoon. A view of Echo Lake is shown in figure 10. 

On the penk of Mount Evans (altitude 14,260 feet) 
in July 1935, when the mensurements were made by the 
junior author, high cloucls or broken cumuli prevailed 
during the morning hours. On 8 of the 9 clays spent 
:it the crest, the cloucliiiess increased shortly after noon, 
on some days mitli gTeat rapidity, and on all 8 clays was 
followed by rain, hail, sleet, ancl snow; generally in the 
order naniecl. We were fortunate, however, i ~ i  having less 
trouble from static than hiid been anticipated; we litid 
preprml for possible difficulties by observing with both 
our iristrunieiitnl equipment and bodies u ell prorrnclerl by 
copper wire to avoid undesired fluctuations oI the current 
in tlir meitwring instrument. At, time5 the potential 
grnrlient is so strong on hlount Evans thiit not only is the 
reatling of electrical equipment impracticn ttle, hut, the 
observer lins to  take advnntage of the copper-roofed mid 
copper-sided observatory to avoid uncomfortti hle spark- 
ing from his body to the ground. Views of Mowit  Evans 
ancl the observatory are shown in figures 13 niitl 13. 

The method herein described of obtninjiig the arnount 
of ozoiie in the stratosphere makes use of titanium photo- 
electric cells :incl filters :IS cIesciihec1 in tlie paper by 
Cohlrritx a n d  Stair (3) on studies of ultraviolet sol:-ar 
intensities. For this work, however, as noted above, a 
niuch more elaborate cnlibrittion of the photoelectric cell 
for spertriil response and of the filters for spectral trans- 
mission is required than was used in the preliminary 
study of tot a1 solar ult raviolet intensities. 

Since the major pnrt of the work of a research of this 
type consists of an accurate determination of the spectral 
response of the pliotoelectric cells, the trnnsniissions of the 
filters aiid tlie miitliematical evaluation of the data, and 
since the method is ti moclificntioii o f  that employed in the 
determination of the distribution of ozone in the strato- 
sphere (2), a considerable portion of this paper is given to 
2 disciwion of the general method, especially the spectral 
calibrntion of the photoelectric cells. 

Suqestions concerning improvements in cert ain phases 
of this type of work, especially in the method of obtaining 
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the data are given where avoidance of mistakes is espe- 
cially helpful. 

11. THE PHOTOELECTRIC CELLS AND FILTERS 

In this work four titanium photoelectric cells and four 
filters (Cores D ; Nillite; Barium Flint, 1 mm. ; and Barium 
Flint, 3 mm.) having the spectral responses and trans- 
missions depicted in figure 1 were employed. Cells Nos. 
3 and 6 were used in 1936 and Nos. J-4 and D-6 in 1938. 
Two sets of filters, alike in ultraviolet spectral transmis- 
sion were employed in this work; and several tests, before 
and after their use, established their constancy and 
a reement in transmission. The same filters were used 

CX lamp, described in section 2. Their transmissions 
a s o  B in the photo-electric calibrations with the Mnzda 

FIGURE 
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I.-Graphs showin the relative spectral response curves for the four 
photoelectric c&; also the spectral transmissions of the fflters. 

titanium 

were determined at the wave lengths of the mercury 
emission lines and the shapes of the curves between 
points adjusted for best agreement with calculations .on 
other thicknesses of glass and integrated traiismisslon 
ma itudes as calculated from the= use with the Maxda 
C f l a m p  . Consequently, any errors will be partly bal- 
anced out by the fact that the Mazda CX lamp has a 
spectral energy emission curve in the ultraviolet spectrum 
somewhat similar in shape to that of sunlight. (See 
figure 2.) 

1. Spectroradwmeter calibration of the photoelectric cells.- 
The spectral response of the photoelectric cells was ob- 
tained by two supplementary methods; the first of these 
being the commonly employed,spectroradiometric method, 

in which the strong emission lines of a mercury arc lamp 
and a cadmium arc lamp are used to obtain an equal 
energy response a t  the wave lengths of the emission lines. 
In  this calibration the same slit defined the energy for the 
photoelectric cell and €or the thermopile, the two being 
moved alternately behind the slit. In the spectral cali- 
bration of photoelectric cells by this method, the irradiated 
portion of the cell shifts slightly with wave length because 
of variation in focus and angle of emergence of the radia- 
tion; so that as the result, of unequal sensitivity, or shadow- 
ine by the central electrode within the cell, erroneous 
vayfues may result. Several measurements with different 
adjustinents - of the cells, however, partly neutralized 
these effect,s. 

This met,liod of calibru.tion is consequentlv not sufficient, 
especially for wave lengths longer than 3,200 angstroms; 
which is close to the wavelength limit of sensitivity of the 
cell. I t  was especially difficult to  define the response 
bet,ween the wavelengths 3,261 and 3,404 A. (cadmium 
arc lamp emission lines) for !lie titnniuni cells used in this 
study. A slight variation In the currntiire of the re- 
sponse curve between these points produces a marked 
effect, upon the total integrated transmission values of the 
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YICURE 2.-Graphs shnning rclative spectral energy curves of the standard lamp and of 
the sun. Thc curves for the lamp are greatly magnifled relative to those Cor the sun. 

filters. Since the response a t  3,404 A. was of the order of 
one-thousandth, or less, of that a t  2,967 angstroms for 
some of the cells, extreme caution was ne,cessary in the 
use of esclusion and transmission filt,ers wit,h t,he spectrom- 
eter to insure freedom from stray light of other wave 
lengths. For this reAson niea.surenient,s macle upon the 
weak mercury line a.t 3,340 angshroms were not satisfac- 
tory. In  solar radiation, these wave lengths produce a 
large effect upon t'he tot,al response of the cells and upon 
the t,otal transmission of the filters; hence the great im- 
portance of knowing nccimtely the spect8ral response in 
this region. For t,his purpose a supplementary method 
of calibrating the photoelectric cells is employed. 

2 .  A source tzf con.tinu.ous spectml ultrnrdolet radia.tion for 
ccdibra.ting photoelectric cells.-Tow,zrd this end a standard 
of continuous ultraviolet radiation m the form of a Mazda 
C S  lamp wa,s set up. The approximate shape of the 
emission curve in the ultraviolet was known from data by 
MT. E. Forsythe (10) on the Mazda CX type of lamp op- 
erated on 115 volts. Since this standard was a particular 
lamp and was operated on a slightly lower voltage (110 
volts to insure longer life) these general data could not be 
directly applied. 

By trial a.nd error, corrections to the general emission 
curve in the short wavelength region were calculated 

a If a suitable black body, or even a 5lament lamp of known spectral emisslon, had 
been avdlable this part of the work would have been greatly simplifled. 1 Westinghouse type WL-767 titanlum photmdectric cells were used in this work. 
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FIGURE IO.-Echo Lake, elevation, 10,600 feet. 

FIGURE 11.-Ultraviolet meter, titanium photoelectric cell, aud cell mounting. 
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from the filter transniissions (the same four filters as 
employed in the solar measurements) using the average 
for eight, t,itanium photoelect,ric cells which had been 
carefully calibrated by the spectroradiometric method 
and were known to have a relatively sharp cut-off a t  the 
longer wave lengths. Hence, since the shape of the lamp 
emission curve was already fairly well known in the 
longer wave lengths in t,lie ultraviolet (a.bove 3,100 A.) 
and since the phot8oelect8ric cell response curves were 
known quite accurately below 3,150 A. the spectral energy 
curve in the short wave-length region obt,nined by t.his 
met,hod is, no doubt, better than could be measured di- 
rectly with a spectroradiometer. 

The Mazda CX lamp approximates sufficiently close for 
our work the solar emission in t'hat portion of the short. 
ultraviolet spectrum to which t'lie photoelectric cells are 
sensitive, having, as does the sun, a high emission in tlie 
region where the photoelectric cells hrtve a low response. 
By measuring a set of integrakd transmissions of a group 
of calibrated filt,ers with this lamp as a source, a,nd by 
calculating the int,egrated trtmsniissions of the ssme 
filters from a knowledge of their speckral trmsniission, 
the spectral energy eniission of the lamp, and the spectral 
response of the photoelectric cell (based upon an arbitrary 
curve drawn through t,he values for tlie wavelengths at. 
which the response wa.s determined spectroradiometrically ) 
the shape of the photoelectric, cell response curve, es- 
pecially between 3,261 and 3,404 angstroms and for 
longer wave lengths, was altered until the observed and 
calculated transmissions were in a.greement. In  this 
manner the shape of the spectral photoelectric respouse 
in the region of 3,200 to 3,400 A. wa.s obtained. 

In  addition, for some of the cells, the apparent emission 
curve of the lamp was altered, by covering the photo- 
electric cell permanently with one of the filters, and the 
process re eated. That gave a new standard of con- 
t.inuous u P traviolet radiation with the energy curve 
shifted t.oward the longer wave lengt,lis (see fg .  2). Since 
the Mazda CX lanip as used (a 500-watt, 115-volt lamp 
operated on 110 volts) was richer in short ultrsviolet 
relative to longer ultrsviolet wave leiigt,hs thnii sunlight, 
this modification gave filter transmissions, and hence an 
energy curve, approaching closer to sunlight, in t8he 
spect.ra1 range 3,000 to 3,300 angstrom units. The 
spectral response values of the photoelectric cell were 
again altered, if necessary, for best agreement between 
the calc.ulatecl ancl observed transmissions. 

In  this second method of calibration of the response 
of the photoelectric cell no trouble is encountered with 
scatt.ered light and the cell is tested, as used in practice; 
that is tlie cell is fully and evenly irradkted. 

The Mazda CX lamp method appears to be a very 
satisfactory means of determining t,he existence and 
magnitude of the long wavelength "tail" of the photo- 
electric cell response curve. For cells of certain types 
(not the titanium cells as used in t,he present work) 50 
percent or more of the total response in sunljght ma,y be 
due to long wave lengths a t  which the relative response 
is less than 1 percent of the maximum value and would 
not be detected a t  all, or, a t  best,, inaccurately deter- 
mined even with the most careful work by the spec.tro- 
radiometer method. Although the spectral response in 
the long wave lengths may be only a few parts in a 
thousand, relative to that a t  the mn.simum for the cell, 
the total integrated filter transmissions may be affected 
by amounts which in practice would give calculated values 
of ozone in error by a factor of two or more.3 

2 A call having an extremely broad loa wavelength response should not be used in 
omne determination work because of the $iEculties encountered in evduat.ing the data 
when the response covers 80 long a spectral range. 

This method of calibration of the spectral response of a 
photoeIectric cell may be extended to include filters of 
both longer and shorter wave lengths cut-off, for use 
with other types of cells. It is of course not recom- 
mended as a sole nieans .of obtaining response curves, 
but will give an approvmate curve without a great 
amount of calculation if the approximate location of the 
niaxiniuin response and the generd type of the response 
curve are known. 

By measuring the filter transmissions from time to 
time, using the Mnzda C S  lamp as a source, the 
constaiicy of the relative spectral response of the 
photoelectric cells is checked. Although no filter mensure- 
merits on our four cells had been mttde before the observa- 
tions on Mount Evans, check measurements during the 
past year indicate that these cells have undergone no 
nieasurahle change. Furthermore, solar observations 
obtnined at Washington, before and since the Mount 
Evans work, are in agreement. Check measurements 
on photoelectric cells which have been used but little 
in the ineantime nlso indicate that the relative spectral 
emission of the Mazda $S lamp has undergone no 
measurable change over a total operating period of 
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FIGURE 3.-Electrical circuit of the ultraviolet meter. 

about 30 hours. Since the lanip is operated on a fixed 
voltage (instead of amperage) below the normal working 
value only a very slow change is to be expected. 

111. THE ULTRAVIOLET METER 

A portable ultraviolet meter in which the photoelectric 
current is amplified and then measured by a microani- 
meter was eitsily transported to the mountain stations. 
Two of these instruments, designed by one of the authors 
in collaboration with W. VC'. Coblentz a t  t8he National 
Bureau of Standards, and now obtainable from the 
Bendix Radio Corporation of Baltimore, Md. ,  were 
used in the present work. The instrument, an original 
model (4) of which has been described previously, is 
shown . -  photogrsphically in figure 11 and diagramniatically 
in figure 3. 

Brieflv described, this instrument is a baIanced direct- 
current"rtmp1ifier built in t8he form of a Wheatstone 
br i~ lge .~  9 condition of unbalance results when light 
falls upon the photoelectric cell producing a flow of current 
t,hrough a microammet'er proportional to the intensity 
of the radiant energy incident upon the cell. Practically 

4 In reference (4) earlier mangemcnts of amplifler circuits involving the Wheatstone 
bridge principle are cited. 
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all the compoiieiit parts are standnrcl radio materials. 
All the resistors and potentiometers, except those in the 
grid circuit, Rg, tire of the wire wound precision type. 
S. S. Wliite Dental hitinufacturing Co., type 65S, resistors 
have been found to be suitable for tlie grid circuit units. 
In the rtssenibly all units are carefully soldered tincl moving 
elements having pressure contacts on the shtifts tire pro- 
vided with soldered “junipers” supplementing tlie pressure 
contacts. Even tlie grid batteries am1 tube electrodes 
are connected into the circuit with soldered leads. 

The resistors, Rg, nre mounted on hard rubber or bake- 
lite ancl all connecting wires cire air insulated. The 

ric cell connecting cable is doubly insulated 
with rubber, orclinnry rubber covered wires being pulled 
within a piece of cliemicnl rubber tubing of high qunlity 
and the grid lend electrically shielded. Lenkirges within 
the cable, or photoelectric cell mounting case, are rentlily 
located by means of the deflection observed witli the 
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FIGURE I.--Qraphs showing the spectral transmission of the atmosphere in terms of 
molecular (Rayleigh) scattering and ozone ahsorption. 

letids nlt,eriiately coniiecte,d nncl disconnected from t,he 
amplifier.6 

Although, not used in the present work, the inst,runient, 
slioulcl contnin a drying pick, especially when used in a. 
niouiitnin loc,at,ion where wide c,lianges in t,emperat,ure 
a.nd humidit,y occur. Errors produced by inoist,iire on 
t,lie resist,ors and inount,ings of t,he instrument, niny t i f f  ect 
the t,ot,a.l intensity measurements seriously hut not, the 
percent t,ransmissions upon which our ozone rnlculn.tions 
are based. Some of t’he variations observed in t’ot8nl 
intensity nixy t,lius be partly inst,rumental error. 

In performa.nce, t,hree inst,runients tested over a wide 
range in intensitmy showed a 1inea.r response t,o within about 
1 percent. This precision is about t,he niasiniurn t,liat ciin 
be espected wit.h elect,ronic apparat,us in which t,he radio 
tube clinracterist,ics enter in a direct way. Since the 
niicroamniet>er deflectlion was kept 1ie:i.r the sn.nie scale 
value, by adjusting the sensit,ivity of the amplifier, the 
precision probably remained within 1 percent, diiring most 
of t,he work. 

With poorly baln.nced tubes, or t,ubes wit,li high grid 
current cliara.ct8erist8ics, or with iniproper bias or plate 
voltages, errors in excess of 1 percent, oft,en result,. Hence 
the aut,hors highly recomniend t,hat in work where t,rnns- 

8 Incidentally the device makes an picellent instrument around the lahoratory lor 
measuring extremely high resistances (low leakages) and small capacitances. 

missions are desired, a s  in the case of ozone studies, per- 
forated niet,al screens having npproxiinately tlie sanie 
transniissiona :ts the glnss filters be employ et1 as incor- 
porated in the stratosphere ultraviolet meter a t  the 
Natiorinl Burenu of Standards (5, 13). Ai1 addition that 
woulcl be necessary with the use of perforated screens is N 
qunrtz tliffusing window over the photoelectric cell. 
This would reduce variations in reading as the ctngle of 
the solar ndjustnieiit changed during n set of mensure- 
inents. Furtheriiiore, since tlie magiiitude of the reacl- 
ings, filter and screen, ~ooultl he of the snnie order, both 
could be kept near the upper’ end of the scale thereby 
reducing tlie scale error in rending. Even inore iniportant 
thnn this would he the reduction of error due to zero 
shift nnil  setting of tlie instrument which would he largely 
automntic:illy compensatecl for by having the readings of 
similar ningiii t utle. 

It is along these lines that it is hoped to attnin, in 
subsequent work, suficient :icciirticy with 1111 automutically 
recording instrument i i o ~  wider construction. 

IV.  T H E  METHOD FOR EVALUATING T H E  AMOUNT OF OZONE 

Uring four filters, niensurement~ were made with two 
titnnium photoelectric cells in July 1936, nnd with two 
other cell< in July 1038. The trmsniissions in percent for 
the different filters, nre plotted ns :I fcnction of the solnr 
nir ninss nt the time of tlie observntions. 

In  order to obtnin n iiiensiire of the ninount of ozone n t  
the time of the observations, two methods have been 
employed. By the first inetliocl n solnr energy curve out- 
side the ntmospliere is assumed. For this, obserrntionnl 
tlatn obtained by Pettit (6) is used (see fig. 9). Starting 
with this spectral energy curve, ant1 by a process of inte- 
gration (using 30 angstroms as  ii unit) n set of transmission 
curves for three of the filters hnring. totnl trnnsniissions of 
npprosiriintely 15, 40, md 60 percent for one of tlie photo- 
electric cells, n s  a function of solar nir innss lins been 
cnlculnted. For these calculn tions the Fabry and Buisson 
(7) transmission coefficients for ozone nntl the Rnyleigh 
scattering (iitniosplieric t miismission) coefficients as used 
by O’Brien (8) in tlie reduction of the stratospliere hnIloon 
dntn (Explorer I nnd 11) hnve been usecl. Some of tlie 
ozone ani1 scii t t ering transniission curves which were 
employecl are reproduced in figure 4. 

While this method gives volues which are roughly in 
agreement with those obtained as described below, tlie 
calculated values indic;ite less ozone for the noon observa- 
tions arid more for the morning nntl afternoon (high air 
miss) niensureinents (see fig. 5 ) .  Hence tlie Pettit ciirve 
does not appear to he dficient1)- nccurnte for this purpose, 
in that it is too low in vnlue for tlie shorter w-nvelengths. 
The authors have therefore by the second method, similar 
to that eniployed by Stnir nncl Coblentz in their strnto- 
sphere work, (2) set up n solnr energy curve-not outside 
the atmosphere but within the range of nir inosses covered 
by the observations. First, by n nietliotl previously used 
by Coblentz and Stnir (3) aii approiininte solar energy 
c~irve is set up for n n  nir iiiass near the noon hour (low 
air mass), and diustecl until tlie cnlcnlntecl integral trans- 
missions of the filters :we in agreement with the observed 
vnlues for some particular low nir mass. Then, linving a 
spectral solnr energy ciirve \\ liich eives cnlculn ted trnns- 
missions for n photoelectric cell (No. ‘I! in this cnse) in 
ngreement with the observations for one nir mass, ni= 
1.06, for exaniple (see fig. 5) ,  calculations nre made for 
trnrisniissions ot other air ninsses corering tlie air mass 
raii-ge of observations, for different nniounts of ozone. 
This gives a diverging set of curves (A, B, and C, in fig. 5) 
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tdirough the, value for air mass 1.06. The curve best, repre- 
sentative of the observed clah defines the amount' of ozone 
above t,he observer a t  the t,ime. In t,liis case curve, B for 
0.20 cm. of ozone represents t,he data for the two mornings 
July 20 nncl 22. Curve C might have been chosen nncl 
the data for t,he afternoon of July 22 employed, yet, this 
would be a bad choice since there are definite indications 
that the ozone value was changing. 

The niethocl is best presented by giving an emmple. 
Table 1 illustrat,es the calculat.ions and niet'liod for ob- 
taining one point (at, air mass 1.56, see fig. 5) in one of the 
diverging curves for each of t'he three filt,ers (Ni, Ba-1, 
Ba-3) through the point for air mass 1.06 referred t'o in 
the above example for t,it,a.nium cell No. 2. In  t'his tsble, 
colunin 1 gives t,he center of t.lie wave-lengt,li int'erval nnd 
column 2 the relat'ive spect,ral energy values found pFe- 
viously to give cdculated transmissions of the filt'ers which 

Co_lurnns 
1 X 10 

integrated 
response 

11 

agree with the observed values for tiir mass 1.06. In  
column 3 are given trtinsmission values for air mass 0.5 
when scattering only is taken into account, since this 
calculntion is to apply to air mass 1.56 and the starting 
values are already incorporated for ni= 1.06. Similarly 
transmission values for 0.10 $111. ozone-the ozone conte1:t 
of air mass 0.5-me used (given in column 4) because 111 
the present illustration the diverging curve for 0.20 cm. 
of ozone is being cnlculatecl. 

The product of columns 2 ,  3, and 4 gives colunin 5 
which represents, therefore, a solar energy curve for air 
mass 1.56 and 0.20 cm. ozone. In column 6 the relative 
spectral response values (for equal energy) for photoelec- 
tric cell No. 2 are tnhulrtted. The product (column 7) of 
columns 5 ant1 6 gives, consequently, the calculated in- 
tegral response of the photoelectric cell for solar radiation, 
air Inass 1.56, ozone value 0.20 cni. Columns 8, 10, and 

Columns 
Tmnsmis- 1 X 12 
sion Bs-3 integrated 

response 

13 13 

TABLE 1.-Illustraling the  method employed in the calculation of ozone values 

Center of wave-length 
interval A 

1 

hl = 1.06 

2 
~~ 

-%lo .................................... 
2920.. .................................. 
2940 ..................................... 
2980. ........................ 
2980.. ....................... 

3.000. ....................... 
3 . 0 ~  ........................ 
3.u 40 ........................ 
3, ......................... 
3,080 ........................ 

......................... ......................... 
3,140 ........................ 10.1 
3,l W... ..................... 11.3 
3,180 ........................ 13.5 

3.1 
3,l 

0.3 
. 9  

1.75 
2.6 
3.55 
4.65 
6 .2  

................................... 

................................ 

.................................. 

.................................. 

................................. 

Scattering 
transmis- 

sion 
M = 0.5 

3 

0.01 

0. M6 
,653 
,660 
,867 
,674 

,681 
.688 
.694 
,700 
.70i 

,713 
.719 
,725 
,731 
,737 

,744 
,750 
.756 
.762 
.76R 

,773 
.770 
,784 
,790 
,796 

.......... 

.......... 

...................... 

...................... 

..................... 

...................... 
........... 

Transmis- 
sion 

0.10 cm. 
ozone 

4 

.04 

.oQ 

. I 8  

.29 

.4R 

0.010 
,038 
.077 
,140 
.?A0 

,325 
,415 
.500 . so 
.660 

. 725 

.7m 
,825 
.865 . 900 

.925 
,943 . Y55 . Y66 . Yi4 
,982 
,986 . 9SY 
,993 . !W 

.......... 

....... 
0.003 
.Ol7 
,035 
,060 

Columns 
2 X 3 X 4  
relative 
energy 
M=1.56 

5 

11.01 
. 0 4  
. w  
.I5 
.28 
.3Y 
.54 
.7Y 

........... 
0.03 
. I5  

.39 

.74  
1.23 
1.89 
2.89 

3.72 
4.82 
6.04 
7. 14 
M. 95 

11.36 
14.99 
18.77 
22. 23 
25.74 

29.53 
32.25 
34.9 
37.6 
39. 7 

.......... 

.......... 

.................................. 

................................ 
..................... 
.................... 
........................ 

..................... 
0.lx)I ............ 
.ou9 0.02 . v23 .05 
,042 . I 1  

Relative 
response 

Ti-2 

6 

.67 . 89 
1. 12 
1 . 9  
1. 54 

0.76 
.76 . i5 
.73 . 70 

. (16 

. 6 2  

.58 

.53 

.49 

.45 

.405 

.36 

.32 

.%5 

. 24.5 

.?IO 

. 175 

. I 4  

.I05 

.075 

.u45 
,023 
.01u 
,003 

.......... 

.......... 

,090 . 133 
.180 
.23i 
,310 

Columns 
5 x 6  

ntegrated 
response 

7 

3,200 ........................ 
3,220 ........................ 

3.280 ........................ 
3.280 ........................ 

3,300 ........................ 
3,3 20 ........................ 
3,340 ........................ 
3.380 ........................ 
3.380 ........ ...............- 

Percentage transmission _ _ _ _  - 

3.240 ........................ 

Total. ............................ 

.... 
0:02 

. I 0  

.26 

.46 

.7l 
I 0 0  
1.42 

1.67 
1.95 
2. 17 
9.29 
2. 55 

2.7s 
3 15 
3.29 
3.11 
2. 70 

2.21 
1.42 . YO 
.35 
. I 2  

34.56 
__- 

._._ 

16.5 
21.2 

30.2 
34.4 

35.0 
42 
45 
48 
50 

28.0 

. - ..___ _.___ 

l'ransmis- 
sion Ni 

S 

1. i 9  
2. 14 
2. 33 
2.20 
2.05 

1.72 
1. 12 
.65 
.31 
. I 0  

0.014 
039 

.070 . loo 

.I32 

,165 
.m 
,246 
. 2x8 
.343 

.39b 
,457 
,514 
,563 
,605 

.G45 

. E N  
,710 
,737 . i57 
. ii5 . i9? . Ro5 
.SI8 
.h29 

......... 

...... 

,380 
.455 
.526 
.53 
.63 

.67 
,703 
.736 . 766 
.79 

1.06 
1.43 
1. i d  
1.80 
1. io 

1.48 
1.00 
.50 
.29 .w 

,075 .31 . 127 .a . 190 .6? 
.25 .78 
,315 .85 

. :3s . s4 

.44 .62 
,505 .41 
,555 .21  
.MI .07 

21.11 
61.1 

---__I 

............ 

............ 
13.44 ............ 
38.Y ............ 
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12 give the spectral transmissions of the three filters itnd 
columns 9, 11,  and 13 the integrated photoe.lectric response 
through the three filters respectively. From the sums 
of the integrated values for the photoelectric cell alone 
and through the several filters the calculated filter per- 
centage transmissions are obtained directly as ratios- 
e. g. 21.11+34.56=61.1 percent. In  this part,icular case 
the three values are 61.1, 38.9, and 15.0 percent and are 
plotted as large circles in figure 5 a.t air iiiass 1.56. Ot'her 
points on the same curves and on ot,her curves for differing 
amounts of ozone are similarly calculat,ed. 

Having determined the amount of ozone for a particular 
day, and using the solar energy curve in agreeme.iit w-it.11 
the observed data for one air mass (m=1.06 for t,he data 
of fig. 5), it is n simple mat.ter, by a calculation which is 
the reverse of that illustrated in table 1 ,  to calcu1at.e the 
relative solar energy curve for sunlight outside t,he atnios- 
phere; and then from it transmission vdues for other 
amounts of ozone, ot,her than t,he value in agree.ment with 
the data for that part.icular day, or da.ys. This gives a set 
of nearly parallel curves (see figs. 6, 7,  and S), from w-hich 
may be read the amount of ozone corresponding to m y  
observed filter transmission when plot,tecl as a function of 

1.0 1.1 1.2 I3 1.4 1.5 1.6 1.7 1.8 1.0 2.0 2.1 2.2 2.3 2.4 

Flousk B.-Qraphs showing the amount of ozone in the stratosphere, based on the obser- 
vations with titanium photoelectric cell No. 6. 

air mass. Although the preliminary calibrations and cnl- 
culations for a particuler photoelectric cell and set of 
filters are quite complicated, when these are once made it 
is simple from this set of curves t,o determine t,he ozoiie 
value from measurements with a single filter within a few 
minutes time. This is a highly important factor should 
such measurements become useful for forecasting purposes. 

V. -4MOUNT OF OZONE OVER MOUNT E V A N S  

In  figures 5 , 6 , 7 ,  and 8 are represented the observed data 
and the calculated amounts of ozone above Mount Evans 
as determined with the four photoelectric cells for the days 
on which measurements were obtained. While the data 
show much irregularity, which may in part be credited to 
instrumental difficulty, there nre certain variations es- 
pecially on July 22, 1936 (see fig. 5)  when tlie ozone value 
was quite constant a t  0.20 cm. (normal temperature and 
pressure) from early morning until 2 : O O  p. m., when it 
suddenly decreased to about 0.18 cm., or slightly less by 
3:OO p. m., and then increased again to about 0.19 cm. by 
4:OO p. m. The upper air mass maps for this date indicate 
a change in air mass, presumably at about the time that the 

7 0 )  , ,  , , , , , , ~ ,  , , 
Ni. FILTER MT. EVANS 1930 

JULY I O  0 0 

JULY I 9  

/- 

PUOTOELECTRIC CELL T i - O B  1 
A I R  MASS 

I , ,  

I O  I I  I Z  1 3  1.4 I S  l e  1 7  1 8  1 9  2 0  2 1  2 2  2 3  2 4  z s  

FIGURE 7.--Oraphs showing the amount of ozone in the stratosphere, based on the obser- 
vations with titanium photoelectric cell D d .  

ozone content changecLB On July 20 and July 23, 1936 our 
measurenients and calculations kidicate fairly constant 
nniount of ozone a t  about 0.20 cm. and 0.1s cm. re- 
spectively. 

On July 23, 24, and 25, 1936, as  measured with photo- 
electric cell No. 6 the value of ozone appeared to fluctuate 
around the 0.20 cm. value (see fig. 6) being possibly slightly 
lower on July 23, in agreement with data obtained earlier 
in the day with cell No. 2 (see fig. 5) and higher on July 24. 

On July 16 and 19, 1938 (see fig. 7)  the filter trans- 
missions obtained by photoelectric cell D-6 indicate ozone 
in the amount of about 0.22 cm. normal temperature 
and pressure. July 19 mas clear from early morning until 
noon. Two sets of measurements made near the noon 

Ni. FILTER MT. EVANS 1938 
JULY I 6 0  D 

JULY 19. 0 

%-I  FILTER - 

ea-3 FILTER 

PHOTOELECTRIC CELL Tn-J4 

A I R  MASS 

I O  I I  I 2  13 14 I 5  I 8  17 I 8  10 2 0  21 2 2  23 2 4  2 5  

FIQUBE 8.-Graphs showing the amount of ozone in the stratos here, based on the obser- 
vations with titanium photoelectric cell y4. 

hour, air mass 1.06, showed rapidly increasing trans- 
missiom for all the filters indicating an increase in ozone 
value of about 0.02 cm. within a period of less than an 
hour. 

Alternate measurements were made on the same 2 
days with cell 5-4. The calculated amount of ozone 
based upon measurements with this cell was about 0.22 
cm. in agreement with that for cell D-6 (see fig. 8).  
Considering the difficulties involved this agreement is 
remarkable, in view of the limited observations. Further- 
more, the same increase of about 0.02 cm. ozone is to be 
noted in the noon measurements (air mass 1.06) with this 
cell. 

8 No correction has been made for possible temperature changes within the ozone layer 
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In connection with the change in ozone content on 
July 16 and 19, 1938, after inspection of the surface, 
upper air and isentropic charts, P. J. Harney of the Air 
Mass section of the Weather Bureau concludes: 

Ohboth July 16 and 19 surface cold fronts passed on the east 
%ye t>f the mountains from the north and I would say there was 

f,, mange of air mass at your station (Mount Evans) also. The 
following air was a few degrees cooler and had a 10 percent higher 
relative humidity on the Cheyenne APOB (airplane obqervation) 
at about 16,000 feet elevation on each day. However at your 
station we are not certain but that the air may have been in another 
air mass than that which was shown at Cheyenne with a change in 
it to be expected simultaneously with the change in the surface 
trough mentioned above. The upper winds indicate that the air 
arriving during July 16 came from the west and on the 19th fronl 
the northeast but both air masses were probably of Pacific origin. 

To date the paucity of the avlzil?ble clata prevents any 
definite conclusions as to the relntloii between changes in 
ozone content and change in type of air although in 
every case where the observations have shown a definite 
change in ozone content, there also has been an apparent 
change in the origin of the air. 

VI. THE SOLAR ENERGY CURVE OUTSIDE THE 
ATMOSPHERE 

It is to be n0te.d that the re,llative solar e,nergy curve, 
outaside the at,mosphere ' was calcula.tec1 independently 
for each of the four cells. While the results obtained n.re 
not in exact agreement,, the mean of the four deterniiim- 
tions gives a relative energy curve which appears to be 
near the correct value in the spectral range 3,000 to 3,250 
A. (see fig. 9). 

By the same method as previously eniplqyed by Co- 
blentz and Stair (3) for the reduction of their ultraviolet 
measurement.s to absolute value, for wavelengt,lis 3,132 
and short,er, we have evaluat,ed o w  relative energy curve 
outside the atmosphere to yield absolute ilnlts, n.nd for 
comparison this curve (average obtained for our four cells) 
is given along with an average for Petitt's data. (6) a t  
Mount Wilson and that of Coblentz and Stair (11) at' 
Washington, D. C. 

As may be seen from the figure our solar energy curve 
for m=O is in close agreement with the ot8hers between 
3,100 and 3,250 angstroms. Below 3,100 A. our curve 
indicat,es higher energy values in the form of a nia.simum 
at  about 3,000 A. This is in agreement with some un- 
published data of Brian O'Brien presented a t  a meet,iiig 
of the Philosophical Society in Washington on hltty 20, 
1939. 

Incidently the curve calculated using the data obt,ained 
with photoelectric cell D-6 (fig. 9) coincides exactly witl. 
the average curve throughout the range 3000 to 3,250 A. 
in both shape and energy value. The calculat.ed curves 
using cells Nos. 2 and 6 were in close agreement in general 
shape, but differed 5 to 20 percent in absolute ene,rgy 
values. This fact' was unimportant in ozone calculations 
since only the shape of t,he curve, and not energy va,lues, 
enter into the calculations. The calculations for cell 
5 4  differed most from the average. Energy values froni 
3,100 to 3,250 A. were in close agreement with those 
obtained with the other cells but below 3,100 A. a lower 
value was calculated. This is the least sensitive of the 
four cells and responds to a shorter spectral band. A 
small sensitivity to longer wave lengths not, det,ected might 
account for this difference. 

It is a distinct advantage to use several phot,oelectfic 
cells with different spectral ranges to obtain more precise 

7 The present and previous authors working in this fleld, are of course cqgnizant of the 
fact that the real spectral energy curve of solar radiation IS not smooth but IS Indented hy 
many absorption lines. 
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FIGURE S.-Distributiou of energy- in the extreme ultraviolet of the solar spectrum. The 
S and H (Stair and Hand1 curve is the average of the four determinations at Mount 
Evans with the four photoelectric cells. Curves by other observers and for a black 
body are given for comparative purposes. 

vdues of the spect,ral solar e.nergy curve. However, 
once t,he solar energy curve is acc.urat,ely det,ermined 
within tdie region of these short wavelengths future work 
will be grently simplified and it, will be more efficient to 
use only one, or itt niost two iilters, having a t'otal inte- 
grated transmission near 50 percent, since the transmis- 
sion of :I filter in that range is most sensitive to ozone 
chmiges \vlicn used wit,h a phot,oelectric cell of the type 
miployecl in this work. 

VII .  CONCLUSIONS 

While the data herein discussed are not extensive nor 
we the calibrations of the photoelectric cells in absolute 
agreement, the method promises tin accurate measure of 
the ozone in the stratosphere. The preliminary cali- 
briitions and calculations for tt particular photoelectric 
cell and set of filters is complicated, but when these are 
once made it should be possible, from a set of curves, to 
determine the ozone value from measurements with a 
single filter within a few minutes. This is a highly 
important factor should such measurements be used for 
forecasting purposes. In  practice it may often be much 
more satisfactory to calibrate a complete new instrument 
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by comparison with a calibrated oiie rutlier then to go 
bnck to absolute units of microwatts, angstroms, etc., 
as  we have purposely done in the present cnse for each 
photoelectric cell. 

The values for the amount of ozone above hfoiin: 
Evnnis as determined by tlie four cells nre in close tigree- 
ment. Two of the cells intlicatetl a vnluc of about 0.20 
cm. iiornial temperature nnd pressure, while the other 
two cells indicated about, 0.32 cm. This is in close agree- 
ment with thnt of other observers (1, 9) for tlie s i n e  

In  conclusion, we wish to express our npprecintion to 
W. W. Coblentz of the Nntioiinl Bureau of Stnntlnrds, nritl 
to J. C. Ytenrns of the University of Denver, for lielpful 
assistance, cspecinlly in arranging for tlic work, nnd for 
innking avniliible the use of hlomit Evnns Obsern~tory. 
We wish nlso to express our thanks to K. W. Kemper of 
the Lincoln, Nehr., Weather offire, who, a t  his own ex- 
pense, assisted in the observational program on the top of 
Mount E vans . 

J~titude and senson of tlie year. 
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VARIATION IN SOLAR RADIATION INTENSITIES AT THE SURFACE OF THE EARTH 
IN THE UNITED STATES 

Rg IRVING F. HAND 

[Wmthvr Barcnu. Wshinc ton ,  r). C . .  May 19391 

This paper brings u p  to date two nrticles on tlic wine 
subject published by IGnibnll in 191s ( 1 )  iincl 1921 (2 ) :  
however, the datn here given are from stutions in tlie 
United States only, w1iere:is the previous papers inclutled 
all nvailnble c ln tn  for tlie entire globe. 

The departures from norninl mere obtwinetl by :ivertxging 
t,he menn tlepnrtures of encli month’s iiieaiis fur the three 
Kenther Bureau radiation ettitions at ’VC’nsliingtcn, D. C’., 
RIdisoii, \Tis., t i r i d  Lincoln, Nebr., m t l  nlso for the Blue 
Hill stntioii of Hnrvnrd University for tlie few gears that 
this station has heen in operntioii, arid finnlly smoot!iiiig 
out the departures by the formula (u + 2 b + c ) / 4 ,  wliere b 
is the average percentage departure for the nioiitli in 
question, nnd (I niid c nre the nvernse percentage depar- 
tures for the preceding n n c l  follon.iiig months, respec.- 
tively. The smoothed percentnpes here been plot trtl in 
figure 1 ,  and the snnie data tilbulatecl in tnble 1 .  

Owing to the smnll niintber of stntioiis. lorn1 influences, 
such as duststomis, forest fires, irregular ~ i i : i n u f ~ ~ t i i r i i ~ ~  
activity, etc., ore importnut factors in the fluctuations 
shown bv the wrve. 

Although three major niid several minor volcnnic erijp- 
tions occurred during this 1 &year period, no co~1cltislve 
evidence nppears that nny of tlieni depleted tlie solar 
energy received at tlie surface of the earth in the Uiiitetl 
States. The most violent explosive eruption during this 
period took place on tlie Isle Flores, Dutch East Indies, 
latitude So S. in August ant1 September 1928, when nn 
estimnted 19>{ million cubic meters of mnterinl were 
emitted. About the snme nmouiit of materip1 wns (!is- 
charged from Quisnpu volcano in C’hile during its eruption 
in April 1939, but the proportion of lnva-flow from this 
latter volcano WRS much greater thnn from the Enst 
Indies erupt ion. Alt hou$i tipparent ly neither eruption 
apprecinbly aflected ritdintioii receipt in the United 
States,Qt is interesting to note tliat the 1 or 2 months 
immediately following each explosion were those of niini- 
mum radiation receipt for the respective yenrs. I t  is 
quite evident neither eruption carried large quantities of 

dust into the stratosphere; and in the case of the Chilean 
eruption we would espect very little dust to be transported 
ncross tlie equator from so southerly n latitude. The 
tliird violent eruption during tlie period occurred on the 
isle of hlnrtinique in 1939 when hfouiit Pel& once 
&cain altered its skyline, this time ithout serious claipage. 
That this eruption hnd little eflect upon solar receipt is 
evident from the fact that solar radiation intensities began 
to increiise imriieclintely following the time of the volcaiiic 
activity. 

As n nintter of coniparisoii u itL previous periods when 
\ olcsnic activity did tiffect very apprecinbly solar rndia- 
tion receipt :kt the earth’s surface, we review briefly the 
effect of I<rnkaton, hlnlny Enst Indies, lrttitude 7’ S.; the 
explosion cnrriecl tiwiy the top of tliat mountain with 
such ti drtontition that it w;ns henrcl for hundreds of miles, 
and with n n  eniission of dust sufficient to deplete solar 
ratlintion receipt to hut 84 percent of its normal. In 
1902 the eruptions of Pelhe 011 the island of hInrtinique, 
Snnta hlnrin in Guatriiinla, nncl Coliiiia in Rlesico were 
folio\$ ecl almost immediately by n n  18 percent cliiiiiiiution 
in intensity of raclintion. The eruption of Katmai in 
Aliiskn on June G ,  1912, threw n tremenclous amount of 
vo1c:iiiic asli into the stratosphere which resulted iii a 
tlecrmse of 23 percent in racliatioii receipt, rtncl a contin- 
uation of grncliinlly lessening atmospheric containinntion 
for 2 years. 

In all three cases, owing to decreased solar heating of 
the enrth, temperatures reiiininecl subnornial for at least 
a year following the individual esploeions. K i th  this in 
mind, nttention may be clrawn to the fact that tempera- 
tures in this country have been considerably above normal 
during the past 8 years, although this condition may have 
no relation to the increased mdiatioii receipt. 

The lnck of volcniiic eruptions of the type that throws 
dust into the str~tospliere accounts for the general increase 
in ritcliation during the period 1934-38. It is far more 
dificult to explnin why individunl years show such a 
marked increase in radiation. However, there Beems to 


